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Abstract Global climate simulations rely on parameterizations of physical processes that have scales
smaller than the resolved ones. In the atmosphere, these parameterizations represent moist convection,
boundary layer turbulence and convection, cloud microphysics, longwave and shortwave radiation, and the
interaction with the land and ocean surface. These parameterizations can generate different climates involv-
ing a wide range of interactions among parameterizations and between the parameterizations and the
resolved dynamics. To gain a simplified understanding of a subset of these interactions, we perform aqua-
planet simulations with the global version of the Weather Research and Forecasting (WRF) model employ-
ing a range (in terms of properties) of moist convection and boundary layer (BL) parameterizations.
Significant differences are noted in the simulated precipitation amounts, its partitioning between convec-
tive and large-scale precipitation, as well as in the radiative impacts. These differences arise from the way
the subcloud physics interacts with convection, both directly and through various pathways involving the
large-scale dynamics and the boundary layer, convection, and clouds. A detailed analysis of the profiles of
the different tendencies (from the different physical processes) for both potential temperature and water
vapor is performed. While different combinations of convection and boundary layer parameterizations can
lead to different climates, a key conclusion of this study is that similar climates can be simulated with model
versions that are different in terms of the partitioning of the tendencies: the vertically distributed energy
and water balances in the tropics can be obtained with significantly different profiles of large-scale, convec-
tion, and cloud microphysics tendencies.

1. Introduction

In global climate models (GCMs), physical processes with scales smaller than the size of the numerical grid
are not resolved by the large-scale discretized equations and hence need to be parameterized to represent
their impact on the resolved grid-scale motions. In particular, boundary layer and moist convection mixing
are traditionally parameterized separately even though it is understood that they are tightly entangled (Ray-
mond, 1995). Here we investigate how different boundary layer and convection parameterizations interact
with each other in a global model and how they produce different mean-state climates. As suggested by a
number of recent studies (Cesana et al, 2017; Medeiros et al., 2008, 2015, 2016; Stevens & Bony, 2013),
aquaplanet simulations provide an attractive framework for these investigations, as they retain the dynam-
ics and physics of fully realistic simulations, but eliminate complexities arising from land surface, topogra-
phy, and other zonal asymmetries. In addition, lack of long timescale processes associated with the ocean
circulation and land implies that a shorter spin-up is required to reach equilibrium of the generated climate
(Williamson et al.,, 2012), making it computationally more feasible to perform numerous simulations.

We use the global version of the Weather Research and Forecast model (WRF ARW V3; Skamarock et al.,
2008) for our experiments. WRF provides a suite of several different options for the physical parameteriza-
tions that is ideal for our goals. In addition to the standard parameterizations available in the public WRF
release, we implement a variation of the Eddy-Diffusivity Mass-Flux (EDMF) scheme (Suselj et al., 2012, 2013,
2014) as a unified boundary layer (BL) and shallow convection parameterization. The EDMF has different
underlying assumptions compared to traditional diffusivity schemes (Siebesma et al., 2007) like the default
Mellor Yamada Nakanishi Niino (MYNN) scheme (Nakanishi & Niino, 2006) in WRF. Unlike the MYNN, which
models turbulence with a down-gradient transport, the EDMF scheme also includes representation of the
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nonlocal transport. Here we want to explore how the interactions between this scheme and other parame-
terizations and the mean flow influence the simulated mean climate.

With these aims in mind, this paper is organized as follows: in section 2, we provide a brief overview of the
model configuration and the suite of parameterizations used in our simulations. The mean climates gener-
ated by different parameterization combinations are described in section 3. Differences among these simu-
lations are discussed in section 4, with a specific emphasis on the interaction between the convection and
boundary layer schemes. Concluding remarks follow in section 5.

2. WRF in Aquaplanet Configuration

2.1. Setup

We perform simulations using the global WRF model (ARW, Version 3) (Skamarock et al., 2008) in aquapla-
net setup (Hoskins et al., 1999). This setup has also been utilized in Bhattacharya et al. (2017), as well as in
Cesana et al. (2017). The horizontal resolution is 1°X1° and we use a stretched vertical mesh with 40 levels
up to the top of the atmosphere. The experiments are similar to the ones in the AquaPlanet Intercompari-
son Project (APE) archive (Medeiros et al., 2008; Williamson et al., 2012). The prescribed sea surface tempera-
ture (SST) is held constant and varies only with latitude (zonal symmetry). The SST distribution used here is
the same as in experiment B in Medeiros et al. (2008), which is also called experiment QOBS in the APE
archive. The prescribed insolation is held at its constant equinox distribution, that is, there is no seasonal
cycle. Six simulations are performed using widely varying BL schemes (EDMF and MYNN, described below)
for a range of modeled convective activity starting from no cumulus scheme to moderate (Tiedtke scheme)
to highly active (GFS scheme) (Bhattacharya et al., 2017). Dudhia et al. (2012) and Biswas et al. (2014) show
that the Tiedtke and GFS (simplified Arakawa Schubert scheme designed for the Global Forecasting System
of the National Centers for Environmental Prediction (Han & Pan, 2011)) lie at opposite extremes in terms of
the ratio of convective to stratiform precipitation in WRF, with the former and the latter having the smallest
and largest ratio, respectively (and other convection schemes lying in between). Consequently, they also lie
at opposite extremes in the range of convective heating profiles. Our motivation for employing these widely
varying convection and boundary layer schemes is to explore how these schemes interact in a global model
to generate different mean climates. A brief description of the used parameterizations is provided below.

2.2. Boundary Layer Scheme

2.2.1. Eddy-Diffusivity

The eddy-diffusivity (ED) parameterization follows the MYNN scheme (Nakanishi & Niino, 2006). The scheme
is of order 2.5, i.e,, the turbulence kinetic energy (TKE) is solved prognostically while the vertical turbulent
fluxes (fluxes of momentum, heat, and other scalars) are solved diagnostically using the TKE and a diagnos-
tic length scale. LES data are used to determine the functional form of the length scale and to help con-
strain the impact of different stability functions on that length scale (impact of atmospheric stability on the
eddy size) (Nakanishi & Niino, 2006).

2.2.2. Eddy-Diffusivity Mass-Flux

The eddy-diffusivity mass-flux (EDMF) parameterization (Suselj et al., 2013) computes the vertical turbulent
and convective fluxes as the sum of an eddy-diffusivity and a mass-flux contribution. The idea behind this
approach is to decompose turbulence into a small-scale part driven by local gradients (modeled using
eddy-diffusivity) and a larger-scale (yet subgrid to the resolved scale) part driven by convective plumes (rep-
resented by a mass-flux component). The mass-flux component models updrafts that originate at the sur-
face and transport heat, moisture, and momentum vertically. Upon reaching condensation these updrafts
continue as moist updrafts until they dissipate. The updrafts interact with their environment stochastically.
In addition to small-scale turbulence, which is modeled by the eddy-diffusivity schemes, the EDMF parame-
terization also represents dry convection in the subcloud layer and nonprecipitating moist convection with
a unified model. A detailed description of the EDMF scheme and its implementation is provided in Appen-
dix A.

2.3. Convection Scheme

2.3.1. Tiedtke

The original Tiedtke mass-flux scheme (Tiedtke, 1989) has been modified by Zhang et al. (2011) for usage in
WREF. It models shallow and deep convection separately, each using a plume that represents an ensemble
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Table 1
Name of Simulations

of convective elements. The plume is initiated by the convective avail-
able potential energy within the subcloud layer and interacts with its
environment via entrainment and cloud-top detrainment.

Case

MYNN_Tiedtke
EDMF_Tiedtke
MYNN_GFS
EDMF_GFS
MYNN_noCu
EDMF_noCu

BL Cu 2.3.2. GFS
MYNN Tiedtke  This is another mass-flux based (a Simplified Arakawa Schubert
EDMF Tiedtke  approach; Pan & Wu, 1995) convection scheme (Han & Pan, 2011) that
MYNN GFS

differs from the Tiedtke scheme in the way the initiation, that is, trig-
EDMF GFS . .
MYNN NONE ger, of the convection and the entrainment to the modeled plumes
EDMF NONE are formulated. This scheme is designed to favor deeper clouds at the

expense of shallower and stratiform (via large-scale saturation) clouds.

2.4. Other Parameterizations

The other common parameterizations employed in the simulations performed in this study are: MYNN
(Nakanishi & Niino, 2006) surface flux parameterization (such that the modeling of the surface turbulent
fluxes is consistent with the BL schemes), Rapid Radiative Transfer Model (RRTM) (Mlawer et al., 1997) for
long wave radiation, Dudhia scheme (Dudhia, 1989) for short wave radiation and Morrison 2-moment
scheme (Morrison et al, 2009) for the large-scale microphysics. The experiments, with corresponding
parameterization combinations, are summarized in Table 1.

3. Mean Climate

Because of the zonally symmetric aquaplanet configuration and the prescribed hemispherically symmetric
insolation, statistics shown below are averaged for 1 year after spin-up (the climate reaches equilibrium
within 6 months), and then also averaged in longitude and over the two hemispheres.

3.1. Circulation

Primary features of the mean-state climate are large-scale circulations, such as the mean meridional over-
turning and the zonal winds. These are shown in Figure 1. Several common key features are observed. The
mean meridional overturning, as represented by the mass-flux stream function, shows clockwise (positive)
circulation spanning from the equator to approximately 30°N that is indicative of the Hadley circulation. It
also exhibits a weaker anticlockwise circulation in the extratropics that represents the Ferell cell. Finally, a
weak clockwise polar cell is seen poleward of 60°N. The zonally averaged zonal wind structure is similar for
all the simulations with a strong upper-tropospheric jet at mid-latitudes of similar structure and strength.
These features are in good qualitative agreement with other GCM simulations (e.g., Khouider et al.,, 2013;
Williamson et al., 2012) as well as observations from reanalysis (e.g., Bengtsson et al., 2004; Pauluis et al.,
2010, among many others).

Despite patterns that are similar across simulations, there are key quantitative differences in the strength of
the generated Hadley cells, whose strength (computed as the maximum mass-flux stream function) ranges
from ~6.13X10'° to ~9.3X10'% kg/s for the different simulations. The simulations with GFS, the most
active convection scheme, generate the weakest Hadley cell strengths, whereas the simulations without a
convection scheme generate the strongest (especially MYNN_noCu). Hadley cell strengths for simulations
with Tiedtke lie in between these two extremes (~8.3X10'° kg/s). We explore reasons behind these system-
atic differences in circulation strength in simulations with and without EDMF in section 4.1. The strength of
the extratropical zonal jets shows smaller relative variability among simulations with maximum values rang-
ing from ~45 to ~48.5 m/s. This peak occurs at the height of ~12 km between ~43° and ~45° latitudes.

3.2. Thermal Structure

The humidity and cloud distributions are tightly coupled to the atmospheric circulation (Figure 2). The rela-
tive humidity (RH, calculated as the ratio of the water vapor mixing ratio to the saturation water vapor mix-
ing ratio) distribution shows familiar features such as near saturation in the boundary layer irrespective of
latitude, and strong horizontal and vertical variability in the free troposphere. In the tropics, moist and
dry regions are, respectively, associated with the ascending and descending branches of the Hadley cell
(Broginez & Pierrehumbert, 2007). Given that RH depends on both the atmospheric water vapor content
and temperature, it is strongly influenced by dynamical processes, such as advection and convection
(Pierrehumbert, 1998) as well as cloud microphysics (Pierrehumbert, 2002; Pierrehumbert et al., 2007). Thus,
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Figure 1. Zonal velocity (m/s) (color) and meridional mass-flux stream function (10" kg/s) (line contours) for
(a) MYNN_Tiedtke, (b) EDMF_Tiedtke, (c) MYNN_GFS, (d) EDMF_GFS, (e) MYNN_noCu, and (f) EDMF_noCu.

this distribution is somewhat sensitive to the convection scheme employed, a feature we will explore more
in depth in section 4.2.

The cloud fraction structure shows deep clouds in the tropics, the presence of an outflow region in the tropical
upper troposphere and shallow cloudiness throughout the globe. The ratio of shallow to deep clouds depends
on the combination of the BL and the convection scheme employed. While the mean deep cloud fraction does
not vary significantly across different simulations, we see a much bigger change in the average shallow clouds,
from low for very active convection (GFS scheme, Figures 2c and 2d) to high for no convection scheme and a
diffusivity type BL scheme (i.e, MYNN_noCu, Figure 2e). As discussed in section 4, these cloud changes have a
strong impact on the atmospheric energy budget, and with it, on the global mean precipitation.

The zonal temperature and moist static energy (MSE) structure are shown in Figure 3. The MSE is the sum
of three terms representing, respectively, the dry enthalpy, the latent energy, and the geopotential
contributions:
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Figure 2. Cloud fraction (color) and relative humidity (line contours) for: (a) MYNN_Tiedtke, (b) EDMF_Tiedtke,
(c) MYNN_GFS, (d) EDMF_GFS, () MYNN_noCu, and (f) EDMF_noCu.

MSE=C,T+L,q,+9z, (1

where g is the gravitational acceleration, L, is the latent heat of vaporization, C, is the specific heat at
constant pressure for dry air, T is the absolute temperature, z is the height above surface, and g, is the
water vapor mixing ratio. Expectedly, in the lower troposphere, both the temperature and the MSE
peak at the equator for all the simulations. The temperature drops from approximately the prescribed
SST near the surface to ~200 K high up in the troposphere. The lapse rate is approximately 6.5 K/km in
the lower to middle troposphere. There are, however, quantitative differences in how the MSE is distrib-
uted horizontally and vertically for the different simulations. These differences are caused by how the
differences in surface wind strengths generate different surface MSEs and by how the convection and
the boundary layer schemes distribute the surface MSEs vertically. The distribution impacts (and
is impacted upon by) the large-scale circulation. We discuss these differences more systematically in
section 4.1.
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Figure 3. Zonal temperature (m/s) (color) and moist static energy line contours (10° J/kg) for: (a) MYNN_Tiedtke,
(b) EDMF_Tiedtke, (c) MYNN_GFS, (d) EDMF_GFS, (e) MYNN_noCu, and (f) EDMF_noCu.

3.3. Surface Energy Budget

The generated cloud fraction profile has a clear imprint on the surface energy budget (Figure 4). The contri-
butions to the budget are: net longwave at the surface (i.e., difference between the downward longwave
radiation coming to and emitted from the surface), net shortwave at the surface (incoming minus reflected
shortwave radiation), sensible heat flux, and latent heat flux. Positive values indicate downward fluxes.
Specified SSTs for these simulations imply that the net energy fluxes at the surface are not necessarily in
balance. Even so, for most of these simulations there is an approximate balance of energy at the surface
with excess energy near the equator and the extratropics compensated by a deficit of energy in the subsi-
dence regions in the subtropics as well as in the polar regions: a result of the SSTs being prescribed from a
case in equilibrium (Williamson et al., 2012).

Several commonalities are seen in the zonal structure of the fluxes. The net shortwave radiation has an off-
equatorial maximum for all the simulations due to extensive cloudiness especially at the ITCZ at the equator
(note the specified insolation at the top of the atmosphere is maximum at the equator throughout the
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Figure 4. Surface energy budget for: (@) MYNN_Tiedtke, (b) EDMF_Tiedtke, (c) MYNN_GFS, (d) EDMF_GFS,
(e) MYNN_noCu, and (f) EDMF_noCu.

simulations). The net longwave radiation does not contribute substantially to the energy budget because of
the presence of large ratios of water vapor and clouds in the lower troposphere. The surface nonradiative
fluxes are dominated by the latent heat flux that shows similar zonal structure and magnitude in all simula-
tions: a maximum in the subsidence regions within the tropics, a structural feature noted in other aquapla-
net simulations (Medeiros et al., 2016; Williamson et al., 2012). The simulation MYNN_noCu behaves the
most differently from the other simulations owing to the lack of a convection scheme and a purely diffusive
BL scheme. This implies enhanced cloudiness near the surface throughout the globe resulting in a much
reduced incoming shortwave at the surface.

4, Sensitivity to the Parameterizations

4.1. Precipitation Structure
While the generated climate states are qualitatively similar, there are some crucial differences among the

simulations. In addition to the ones highlighted above, a major difference can be noted in the generated
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Table 2
Net Global Mean Precipitation and Radiative Cooling

Precipitation Radiative
Case (mm/d) cooling (K/d)
MYNN_Tiedtke 3.675 1.039
EDMF_Tiedtke 3.722 1.045
MYNN_GFS 3.105 1.031
EDMF_GFS 3.028 0.96
MYNN_noCu 3.885 1.158
EDMF_noCu 3484 1.036

precipitation and its partitioning between convective and grid-scale
precipitation. Table 2 lists the values of global mean precipitation
across simulations, while Figure 5 shows the latitude distribution of
mean precipitation and the convective precipitation to grid-scale pre-
cipitation ratio for EDMF and MYNN for each of the three convection
schemes. The zonal structure of precipitation is similar across the six
simulations, with a tropical absolute maximum near the equator (asso-
ciated with the Intertropical Convergence Zone) and another weaker
local maximum in the extratropics in association with storm tracks at
those latitudes. This structure broadly resembles what is observed in

other aquaplanet simulations (Medeiros et al., 2008; Williamson et al.,
2012).

However, a remarkable sensitivity of the net precipitation amount to the employed convection scheme is
noted. With Tiedtke, the maximum mean precipitation rate (near the equator) is approximately 25 mm/d
(Figure 5a). With the more active GFS convection scheme (Han & Pan, 2011), this rate reduces to around
12 mm/d (Figure 5b). When no convection scheme is employed (with a diffusive BL scheme), the maximum
precipitation rate increases to ~35 mm/d (Figure 5c). The global mean precipitation amount is driven by
the balance between radiative cooling in the troposphere and the condensational latent heating (a major
fraction of the condensate is the surface precipitation) (O’Gorman et al., 2012). This balance is clearly evi-
dent in the global tendencies generated by the different parameterizations (we discuss these tendencies
and explore them for the deep tropics in section 4.2).

Here we focus on the global radiative cooling tendencies for the six simulations (with global mean values
listed in Table 2, and vertical profiles for all simulations shown in Figure 6). Radiative cooling can occur via
longwave emission (whose difference among simulations is primarily controlled by differences in generated
deep clouds) or via shortwave reflection (linked to shallow clouds). As mentioned in section 3.2, while the
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Figure 5. Mean precipitation (blue, left axis) and ratio of its convective to grid-scale contributions (red, right axis) for
(@) MYNN_Tiedtke and EDMF_Tiedtke, (b) MYNN_GFS and EDMF_GFS, and (c) MYNN_noCu and EDMF_noCu. Global
mean precipitation values are presented in Table 2.
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clouds (no convection scheme, diffusive BL: MYNN_noCu), stronger
net radiative cooling (~1.16 K/d) implies enhanced mean precipita-
tion (global mean ~3.9 mm/d). On the opposite end, a very active
convection scheme (GFS) favoring deep clouds (Han & Pan, 2011)
leads to less net radiative cooling (~1 K/d) resulting in reduced mean
J precipitation (global mean ~3.1 mm/d). When Tiedtke (radiative cool-
ing ~1.04 K/d) is used, the generated global mean precipitation lies in
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1 (Figure 5c), the precipitation amount also depends crucially on the BL
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Figure 6. Global radiative cooling profiles (shortwave + longwave) for the six

ative cooling (from ~1.16 K/d to ~1.04 mm/d) and hence to a
reduction in the mean precipitation from ~3.9 to ~3.5 mm/d.

simulations. Global mean radiative cooling values are presented in Table 2.

Even though the net precipitation is similar for a given convection
scheme, its partitioning into convective and grid-scale precipitation depends crucially on the BL scheme,
especially in the ITCZ where convection is the most active. The reason for this sensitivity lies in the interac-
tion between the BL and the convection scheme. The BL scheme determines the properties of the subcloud
layer which, along with the large-scale flow features, dictates the frequency and location of activation of the
convection scheme as well as the amount of vertical instability (difference of MSE between the subcloud
and the cloudy layer) that the convection scheme dissipates (Moebis & Stevens, 2012; Numaguti, 1993; Prive
& Plumb, 2007). The interaction between deep convection and the large-scale circulation, directly and via
the BL scheme, is a complex problem that has been extensively studied over a range of scales. One side of
this interaction involves how the large-scale circulation preconditions deep convection. For example, over
scales of the size of tropical storms, weaker deep convection leads to weaker ascending motions that even-
tually lead to weaker moisture convergence at the base of the storm causing a positive feedback (Trenberth
et al.,, 2003). Over larger scales, the MSE within the BL is a crucial element in the activation of moist convec-
tion (Emmanuel et al.,, 1994; Neelin & Held, 1987; Prive & Plumb, 2007). Near-surface winds (which are deter-
mined by the strength of the circulation) determine the distribution of near-surface MSE (Moebis & Stevens,
2012). This MSE is then vertically distributed within the subcloud layer and shallow cloudy layers differently
by different BL schemes (as we see in section 4.2). The MSE content of the BL and its vertical profile deter-
mine the location and strength of activation of moist convection (Moebis & Stevens, 2012; Numaguti, 1993).

Convection, in turn, transports heat and moisture vertically leading to vertical homogenization of MSE in
regions of ascending motions within the tropics (Spencer et al., 2015). The vertical distribution of MSE deter-
mines the gross moist stability, that is, the effective energy stratification felt by the Hadley cell (Held, 2000;
Neelin & Held, 1987; Spencer et al.,, 2015), one of the key factors controlling the Hadley cell strength and its
response to radiative perturbations (Feldl & Bordoni, 2016). Additionally, the Hadley cell strength has been
shown to be sensitive to the zonally averaged MSE gradient between the extratropics and the tropics (Held,
2000; Held & Hou, 1980), and hence to any factor, such as the strength of convection, that might influence
this gradient (Seo et al.,, 2014). The influence of convection on tropical clouds and, associated radiative
effects, can also influence the circulation strength and structure as well as their sensitivity to perturbations
(Voigt & Shaw, 2015). Finally, vertical momentum mixing associated with convection can affect the circula-
tion strength primarily through changes in the Coriolis torque (Han & Pan, 2011; Richter & Rasch, 2008).
These interactions and feedbacks make the interaction of convection (and how it is parameterized in
numerical models) and the large-scale dynamics a very involved problem (Mapes, 1997; Raymond et al.,
2009).

Here we show how the choice of the BL scheme influences the simulated circulation (measured as the
mass-flux stream function) and the associated MSE distribution (Figure 7). We focus on the tropospheric
MSE distributions in the tropics and the subtropics and their link to the Hadley circulation. We discuss the

BHATTACHARYA ET AL.

PARAMETERIZATION INTERACTIONS 411



QAG U Journal of Advances in Modeling Earth Systems  10.100212017ms000991

0.4
a) 514
1 0.2
0.5 10+
= 0
=~
= 0
E‘J -0.2
Q
o

15 - 0.6
45 60 0 15 30 45 60
Latitude Latitude
014, 04
ﬁq. 02
E iy 0
=
%D 0.2
)
jast
0.4
# -0.6
15 30 45 60
Latitude Latitude
e) 14 04
0.2
g 0
=]
%o 0.2
o)
jant
I 0.4
-
m b | -0.6
30 45 60
Latitude Latitude

Figure 7. MSE (left, in 10% J/kg) and circulation (right, in 10'° kg/s) differences between (a, b) EDMF_Tiedtke and
MYNN_Tiedtke, (c, d) EDMF_GFS and MYNN_GFS, and (e, f) EDMF_noCu and MYNN_noCu. The line contours represent
the differences in temperature (solid line) and moisture (dashed lines) contributions, respectively, to the MSE differences.

MSE differences between simulations with and without EDMF and how these differences arise from contri-
butions from dry enthalpy (i.e., temperature) and latent energy (i.e., moisture). Differences in geopotential
are small within the troposphere and are omitted in Figure 7 for the sake of clarity. For each of the three
convection schemes, within the ITCZ, EDMF is associated with a deeper vertical extent of moisture distribu-
tion (including shallow cloud layer in addition to the subcloud layer) than MYNN (as seen in the moisture
tendency profiles discussed in section 4.2, Figure 9). EDMF is also associated with larger heating in the sub-
cloud layer and cooling aloft in the shallow cloud layers (also see Figure 8 from section 4.2), but the
enhanced moisture transport more than compensates for that in terms of the MSE distribution. As a conse-
quence, there is a reduction of MSE near the surface and increase in shallow cloud-layer MSE, common for
all the EDMF simulations. This change in vertical MSE distribution near the surface at the ITCZ activates the
convection differently, the net impact of which, on the distribution of moisture, temperature and, hence,
MSE also depends on the large-scale circulation and the microphysics scheme. For all cases, there is a net
reduction of water vapor (and MSE) from ~2 to ~6 km height at the ITCZ and variable degrees of drying and
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Figure 8. Vertical profiles of potential temperature tendencies from different parameterizations in the deep tropics
(5°S-5°N) for: (@) MYNN_Tiedtke, (b) EDMF_Tiedtke, (c) MYNN_GFS, (d) EDMF_GFS, (e) MYNN_noCu, and (f) EDMF_noCu.

cooling above that. Beyond the ITCZ, in the subtropics, there is an increase of MSE in the shallow layers in simu-
lations with EDMF. This is associated with reduced drying in the descending branch of the weakened Hadley cir-
culation. In accordance with the discussion above, these differences in the horizontal and the vertical MSE
distributions imprint on the Hadley cell differences, with EDMF generating a weaker Hadley cell overall (the max-
imum differences in mass-flux stream function are ~2.14,~ .69, and ~1.17 (in 10'° kg/s) for no convection,
Tiedtke, and GFS respectively). The corresponding differences in peak Hadley cell strengths are ~1.3,~ 0.54,
and ~0.33 (in 10'° kg/s) respectively. Note that we select the absolute stream function maximum, rather than
the maximum value at a specified latitude and height, as a measure of the Hadley cell strength.

4.2, Tendencies of Potential Temperature and Moisture
To investigate how the various subgrid parameterizations interact with the large-scale flow and how this
interaction depends on the choice of the convection-boundary layer scheme combination, we consider the
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tendencies of potential temperature and water vapor in equilibrium. Tendencies such as these have been
used to evaluate GCMs (Del Genio et al,, 1991; Knutson & Manabe, 1995) as well as to estimate biases in
weather models when compared to observations (Cavallo et al., 2016; Williams & Brooks, 2008). The thermo-
dynamic equation being solved for in WRF is (Skamarock et al., 2008):

0c+m*[0,(u0)+0,(v0)]+mo, (®0)=F0, )

wherein t, x, y, and n are time, horizontal, and vertical coordinates, respectively. The subscript indicates the
corresponding partial derivative. 0, U, ¥, and @ represent the grid-mean potential temperature, zonal and
meridional winds, and pressure velocity multiplied by the mass of dry air within a grid box. m is the map
projection factor used to map the WRF projections (Lambert conformal, polar strereographic, and Mercator)
onto the Earth’s surface. Fg on the rhs represents the combination of the forcing terms. An analogous equa-
tion for water vapor mixing ratio is also solved in WRF wherein F; represents the forcing term of the mixing
ratio. The forcing term F; is decomposed as:

Fo=F3 radiation +F(:),cumu/us +Fg pbl +F(§,mixing/diffusion +F9Amicrophysics‘ 3)

The first four terms in the rhs, respectively, represent the tendencies due to radiation, cumulus, boundary
layer (pbl) schemes, and subgrid horizontal mixing (which is set to zero). A Runge-Kutta three step integra-
tion is performed in time at the end of which an adjustment due to the cloud microphysics is carried out
explicitly. We explore the tendencies due to the radiation, the cumulus, the BL, and the microphysics
schemes. We also compute the cooling by the large-scale vertical transport. The sum of all these tendencies
needs to balance the resolved horizontal mixing/transport (which are not computed explicitly in WRF) in
equilibrium. The global sum of the parameterized and the resolved vertical tendencies is found to be very
close to zero confirming equilibrium. We focus on the deep tropics (5°S-5°N), where convection is the most
active and, hence, where the tendencies are the most sensitive to the convection-boundary layer scheme
combination. The potential temperature and the water vapor mixing ratio tendencies in this region are
shown in Figures 8 and 9, respectively.

Above the subcloud layer, the two cumulative tendencies, respectively, show a dominant balance between
atmospheric cooling and moistening by large-scale lifting and heating and drying by both the cumulus and
the microphysics scheme. Within the subcloud layer, the microphysics scheme evaporatively cools and
moistens. The magnitude of the radiative cooling tendency is dominant only near the top of the atmo-
sphere (it has a value of ~2 K/d throughout the troposphere; a feature that is reasonably consistent across
simulations), while that of the boundary layer scheme tendency is, not surprisingly, only significant near the
surface.

The nature of the balance of tendencies does depend significantly on the convection-boundary layer
scheme combination. The primary dependence is on the convection scheme that governs the dominant
cloud regime (Williams & Brooks, 2008), while the BL scheme acts to modify this dependence by influencing
the activation of the convection scheme (location and frequency) as mentioned in section 4.1. In terms of
the tendency magnitudes (when compared to Tiedtke or no convection scheme), the GFS scheme
(MYNN_GFS and EDMF_GFS: Figures 8c and 8d and Figures 9c and 9d) leads to a substantially weaker lifting
of moisture, which is also evident in the much lower rain rate in the deep tropics (Figure 5b). The weakening
of the circulation (as was also noted in section 3.1) results from a combination of factors including the mag-
nitude and shape of the heating profile as well as the modified (in-cloud pressure gradients being included
in the formulation in addition to lateral entrainment and detrainment rates, as in Tiedtke) momentum mix-
ing induced by this scheme (Han & Pan, 2011). Since it favors convective rain and deep convection, the lift-
ing of moisture is predominantly balanced by the convective condensation with GFS.

Next we consider how the BL scheme impacts the convective tendencies. Simulations with EDMF have tem-
perature tendencies from the boundary layer scheme that are stronger than those with MYNN. The mass-
flux component that advectively transports heat and moisture upward is responsible for this difference.
EDMF tends to cause stronger heating near the surface and cooling of the shallower cloudy layers, while
MYNN mixes heat within just the subcloud layer. Concurrently, EDMF transports surface water vapor to
greater depth when compared to MYNN (Figure 7). These differences influence the activation of the convec-
tion scheme. For example, Tiedtke activates more sparingly in response to this homogenization by EDMF
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Figure 9. Vertical profiles of water vapor mixing ratio tendencies from different parameterizations in the deep tropics
(5°S-5°N) for: (a) MYNN_Tiedtke, (b) EDMF_Tiedtke, (c) MYNN_GFS, (d) EDMF_GFS, (¢) MYNN_noCu, and (f) EDMF_noCu.

(Figures 8a and 8b and Figures 9a and 9b). The signature of this reduction in activation of Tiedtke is also
seen in Figure 5a where the convective to grid-scale precipitation ratio drops drastically at the ITCZ near
the equator with the usage of EDMF. With GFS, we see similar smaller BL tendencies at lower levels. How-
ever, since GFS generates deeper clouds at the expense of shallower clouds (Han & Pan, 2011) the micro-
physics scheme causes more evaporation (of falling rain) than condensation with EDMF (overall negative
tendency). We can notice this in Figure 7c, where, with GFS, EDMF is not associated with an overall reduc-
tion in water vapor in the entire vertical column in the deep tropics. This causes the cumulus terms to
increase somewhat in the deeper layers. In the absence of a convection scheme, the balance of tendencies
is qualitatively insensitive to the BL scheme: only the circulation strength, and, correspondingly, the micro-
physics tendency reduces with EDMF, Figure 7e. The diversity in these features highlights how the BL
scheme and the convection scheme interact with each other in nontrivial ways and through many different
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pathways, involving subcloud dynamics, large-scale flow and microphysics. The balance of these tendencies
(and how they evolve with climate change) form an important component in the development of
climate models and their employed parameterizations (Chikhar & Gauthier, 2015; Collins et al., 2006; Park &
Bretherton, 2009)

5. Conclusions and Discussions

How do various subgrid parameterizations interact to generate mean climate states in global models? We
perform aquaplanet simulations using the global Weather Research and Forecast (WRF) model and a wide
range of parameterizations to start addressing this question in a simplified setting. The parameterizations
we focus on are the convection and the BL schemes, which are primarily responsible for dissipating vertical
instabilities. Six simulations are performed: with a very active, deep-heating convection scheme (GFS), a
moderately active convection scheme (Tiedtke), and no convection scheme, each with MYNN or EDMF as
the employed BL scheme. EDMF adds a mass-flux component to the purely diffusive MYNN scheme. This
component models updrafts within the BL that stochastically interact with their environment and advec-
tively transport moisture and heat vertically. This results in a more realistic coupling between the subcloud
layer and the cloudy layers above.

The generated mean climates behave reasonably in terms of qualitative mean dynamic, thermodynamic,
and radiative features. The peak strength of the Hadley circulation varies inversely with the strength of the
employed convection scheme. While the precipitation distribution with latitude is fairly reasonable and sim-
ilar to that of other aquaplanet simulations, its amount depends strongly on the convection scheme. The
dependence is particularly strong at the ITCZ, where the precipitation is mainly generated by the deep
clouds. Here an inverse relationship between the strength of the convection scheme and the total precipita-
tion exists, a feature explained by the global energy budget being primarily maintained by a balance
between atmospheric cooling and condensational heating. In addition, the partitioning of precipitation into
convective and grid-scale components is also dependent on the employed BL scheme that preconditions
the activation of the convection scheme.

To explore how the parameterizations interact with each other to generate different simulated climates, we
investigate the potential temperature and moisture tendencies focusing primarily on the deep tropics,
where the biggest differences exist. The dominant balance above the subcloud layer is between the cooling
and moistening by resolved lifting and heating and drying due to condensation (modeled in part by both
the convection and the microphysics schemes). Radiative cooling is dominant at the top of the troposphere,
whereas the BL scheme is a significant factor within the subcloud layer. The strongest convection scheme
(GFS) leads to an on-average weaker vertical advection of moisture that results in weaker precipitation. The
most abundant precipitation is found in the simulation with no convection scheme, and a diffusive bound-
ary layer scheme, which produces strong radiative cooling of the atmosphere by a dense layer of shallow
clouds that needs to be balanced by condensational heating.

The BL scheme distributes MSE near the surface (by vertical mixing and via its impact on the near-surface
winds (Zhang & Zheng, 2004)) and hence plays a role in the activation of the convection scheme. The EDMF
transports moisture deeper into the shallow cloudy layer atop the subcloud layer when compared to the
MYNN. It also heats the subcloud layer resulting in cooling of the shallow cloudy layer, while the MYNN dif-
fusively mixes heat just within the subcloud layer. These different MSE distributions lead to differential acti-
vations of the convection scheme in terms of both location and frequency. The mean climate is maintained
by very different balances of tendencies depending on the strength of the convection scheme and its rate
of activation.

A detailed analysis of the profiles of the different tendencies (from the different physical processes) for
both potential temperature and water vapor is performed. A key conclusion from the study of these ten-
dencies is that similar climates with similar vertically distributed energy and water balances in the tropics
can be obtained with significantly different profiles of large-scale, convection and microphysics tenden-
cies generated from diverse combinations of model parameterizations. This might be reflective of the
extensive tuning that is usually performed when new parameterizations are implemented in GCMs to
reproduce the present-day climate. The differences in generated vertical heating profiles, despite similar
mean-state climates, when different parameterizations are used in WRF do suggest the importance of
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evaluating model simulations against observed heating profiles. These comparisons, together with the
continued development of physically based parameterizations, might lead to improved representation of
processes that are not explicitly resolved by current climate models to generate correct mean climatic
states and their response to perturbations in a physically consistent manner.

Appendix A: Mass-Flux Parameterization Within EDMF

In this version of the model, the mass-flux parameterization models multiple steady-state laterally entrain-
ing (dry or moist, but nonprecipitating) updrafts. All updrafts are initiated at the surface. The steady-state
updraft equation for the updraft mean variables @,={0;, Gy, U;,v;} (liquid water potential temperature, total
water mixing ratio, and two horizontal velocity components, respectively: note the thermodynamic varia-
bles being used are moist conserved) in the ith updraft can be written as:

0.0 =€i(¢—y), (A1)

where g, represents the entrainment rate for the ith updraft.

The updraft vertical velocity is solved for by using the difference between the buoyancy and the drag force
on an air parcel:

1. _ _
EazwizzaWB,—(bw+cws)w,2, (A2)

where B;=g(0,;/0,—1) is the buoyancy of the ith updraft. a,=2/3, b, =0.002, and ¢, =1.5 are constants
that parameterize pressure and subplume variability impacts on the plume vertical velocity (de Roode et al.,
2012). This form of the vertical velocity equation has been used in Suselj et al. (2012, 2013).

Ten updrafts (i=1.. ./, with / = 10) are initialized at the surface, each with different surface conditions: they
are integrated in the vertical and each of them experiences an entrainment rate that encapsulates its inter-
action with its environment. Integration for each updraft is done independently up to one model level
below the level at which the vertical velocity becomes negative. Water vapor in the ith updraft is assumed
to condense at the model level where the mean updraft total water exceeds the saturated mixing ratio (i.e.,
where G,(z) > q,(Ti(z),p(z))). Upon saturation, the liquid water is the water excess relative to the satu-
rated mixing ratio, g;=q,—q,;. To close this set of equations, we need formulations for the surface bound-

ary conditions and for the entrainment. These are described next.

A1. Surface Conditions for the Mass-Flux

Updraft boundary conditions at the surface are parameterized following Cheinet (2003). Gaussian proba-
bility density functions (PDF) of vertical velocity, total water mixing ratio, and virtual potential tempera-
ture are prescribed at the surface. PDF mean values are taken to be the grid-mean values of the
corresponding variables, and the second moments (variance of the Gaussian PDF: for example, a,,2 for
vertical velocity) are parameterized. The updrafts are assumed to represent the tail of this vertical velocity
distribution. Total water mixing ratio and virtual potential temperature in the updrafts are then computed
based on both their PDFs as well as their correlations with the vertical velocity. The process is described
in more details below.

Cumulatively, all updrafts represent areas with near-surface vertical velocity exceeding w,,;,. For numerical
purpose, we assume that the near-surface vertical velocity is limited by w,,4. The cumulative fraction of the
area of all | updrafts is thus:

! 1 Winax Wmin
i= = f - rf . A3
L e i o) w

We prescribe Wnax=30,, and wpin=0.50,. These yield a surface updraft fractional area ~ 30%. The surface
updraft conditions for each of the / updrafts are obtained by linearly (in terms of the vertical velocity) discre-
tizing the PDF between w,,;, and w4, so that the vertical velocity of the ith updraft is:
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1
Wj:Wmin +AW (I+ 5), (A4)

with AW = (Wmax—Wmin)/I. The fractional area of the ith updraft is thus obtained by integrating the PDF of
vertical velocity from w;— 3 Aw to w;+ 3 Aw:

1 { f(wi-i- %Aw) I’f(Wi_ %Aw)} (A5)
ai= |erf( —=—— | —erf{ —=——|.
"2 \/EO—W \/E(Tw
Having obtained the updraft vertical velocity, the updraft virtual potential temperature, and the updraft
total water mixing ratio for the ith plume are obtained using:

év,i:évh“l‘c(w7 9\,)|7v, g6, s (A6)
Ow

A A _ Oq

Qi =Gels+c(w,qow;—. (A7)
Ow

Symbols 9\,\5 and g/, represent the mean surface (first model level) values of the corresponding variables.
The correlation coefficients between the vertical velocity and virtual potential temperature (c(w, 0)) and
total water mixing ratio (c(w, g;)) are taken to be 0.58. Note that we take c(w, g;) to be equal to c(w, 0,)
instead of having a value of 0.32 as in Cheinet (2003). The variances at the surface are parameterized in a
similar fashion for all these three quantities as:

1/3
GW:1.34W*(Z—O) (1—0.82—0), (A8)
Ztop Ztop
—1/3
0 =1.34q. (Z—O) : (A9)
Ztop
and
2 -1/3
0o,=1340, (22} | (A10)
Ztop

with z,,, being the depth of the convective layer and w, = (Hi W’Hf,|szrop) being a convective velocity simi-

. . ! a /9/
lar to the Deardorff convective velocity. Here we take zy=50 m, and g.= %"‘ and 0,= Ww—“ are the convec-
tive moisture and temperature scales.

A2. Entrainment Rate

Entrainment (€) into an updraft is assumed to be the result of a stochastic discrete process. For an updraft
that travels a distance o0z, the probability that an entrainment event occurs is assumed to follow the Bino-
mial distribution. This probability as well as the strength of the entrainment rate are both height indepen-
dent. This implies that the actual number of entrainment events for the updraft traveling over a finite
distance Az (which is the distance between two vertical model levels) follows the Poisson distribution

(denoted here by P). Mathematically:
€(AZ):E7>(A—Z), (A11)

Az \ L

where £(Az) represents the mean entrainment rate over the height of Az, L. represents the length scale
the updraft needs to travel to entrain once; here we assume L. =100 m. The value of g, is taken to be 0.1.
This formulation is similar to the one in Susel;j et al. (2013) except for the simplification of the value of L.
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